. RyRs are regulated by a number of cytosolic constituents that either enhance (e.g., ATP) or inhibit (e.g., Mg 2ϩ and protons) its activity (for reviews, see Refs. 17 and 26). Ischemic conditions lead to the inhibition of oxidative phosphorylation, mitochondrial uncoupling, and collapse of the mitochondrial membrane potential (⌬⌿ m ). Depolarized mitochondria lose the capacity for Ca 2ϩ uptake and Ca 2ϩ buffering, and ischemia-induced cytosolic acidification (through mitochondrial H ϩ extrusion and lactic acid production by the shifting of metabolism to anaerobic glycolysis), depletion of the cellular ATP pool, and the concomitant increase of free [Mg 2ϩ ] i levels lead to severe impairment of SR Ca 2ϩ release and excitation-contraction (E-C) coupling.
]i) regulation in the heart. We studied sarcoplasmic reticulum (SR) Ca 2ϩ release in cat atrial myocytes during depolarization of mitochondrial membrane potential (⌬⌿m) induced by the protonophore FCCP. FCCP caused an initial decrease of action potential-induced Ca 2ϩ transient amplitude and frequency of spontaneous Ca 2ϩ waves followed by partial recovery despite partially depleted SR Ca 2ϩ stores. In the presence of oligomycin, FCCP only exerted a stimulatory effect on Ca 2ϩ transients and Ca 2ϩ wave frequency, suggesting that the inhibitory effect of FCCP was mediated by ATP consumption through reverse-mode operation of mitochondrial F1F0-ATPase. ⌬⌿m depolarization was accompanied by cytosolic acidification, increases of diastolic [Ca 2ϩ ]i, intracellular Na ϩ concentration ([Na ϩ ]i), and intracellular Mg 2ϩ concentration ([Mg 2ϩ ]i), and a decrease of intracellular ATP concentration ([ATP]i); however, glycolytic ATP production partially compensated for the exhaustion of mitochondrial ATP supplies. In conclusion, the initial inhibition of Ca 2ϩ transients and waves resulted from suppression of ryanodine receptor SR Ca 2ϩ release channel activity by a decrease in [ATP] , an increase of [Mg 2ϩ ]i, and cytoplasmic acidification. The later stimulation resulted from reduced mitochondrial Ca 2ϩ buffering and cytosolic Na ϩ and Ca 2ϩ accumulation, leading to enhanced Ca 2ϩ -induced Ca 2ϩ release and spontaneous Ca 2ϩ release in the form of Ca 2ϩ waves. ⌬⌿m depolarization and the ensuing consequences of mitochondrial uncoupling observed here (intracellular acidification, decrease of [ATP]i, increase of [Na ϩ ]i and [Mg 2ϩ ]i, and Ca 2ϩ overload) are hallmarks of ischemia. These findings may therefore provide insight into the consequences of mitochondrial uncoupling for ion homeostasis, SR Ca 2ϩ release, and excitation-contraction coupling in ischemia at the cellular and subcellular level. ryanodine receptor; Ca 2ϩ waves; excitation-contraction coupling; mitochondrial membrane potential; sarcoplasmic reticulum Ca 2ϩ release MYOCARDIAL ISCHEMIA has profound structural and functional consequences for the heart, including conditions of stunning and hibernation (29) , dysrhythmias, and remodeling, which can ultimately culminate in heart failure. Four key attributes characterize ischemia: tissue acidosis, hypoxia, altered high-energy phosphates ([ATP]/[ADP][P i ]), and elevated extracellular K ϩ levels (2) . At the cellular level hypoxia, intracellular acidification (23) (33) . Mitochondria play a central role for cellular energy metabolism and Ca 2ϩ homeostasis under normal as well as ischemic conditions. In cardiac cells, mitochondria occupy approximately one-third of the cell volume (4, 5) and supply up to 90% of cellular energy in the form of ATP, generated by oxidative phosphorylation (11) . Mitochondria contribute to cardiac Ca 2ϩ signaling through their capacity to sequester and buffer large amounts of Ca 2ϩ but also by providing the fuel for ATP-dependent ion pumps, which maintain ion gradients across the sarcolemma and sarcoplasmic reticulum (SR) membranes. Thereby mitochondria directly [through sarcolemmal Ca 2ϩ ATPase and sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)] or indirectly (through Na ϩ /K ϩ pumps) participate in [Ca 2ϩ ] i regulation (12, 32) . Furthermore, ATP acts as an activator of SR ryanodine receptor (RyR) Ca 2ϩ -release channels (30, 38) . RyRs are regulated by a number of cytosolic constituents that either enhance (e.g., ATP) or inhibit (e.g., Mg 2ϩ and protons) its activity (for reviews, see Refs. 17 and 26) . Ischemic conditions lead to the inhibition of oxidative phosphorylation, mitochondrial uncoupling, and collapse of the mitochondrial membrane potential (⌬⌿ m ). Depolarized mitochondria lose the capacity for Ca 2ϩ uptake and Ca 2ϩ buffering, and ischemia-induced cytosolic acidification (through mitochondrial H ϩ extrusion and lactic acid production by the shifting of metabolism to anaerobic glycolysis), depletion of the cellular ATP pool, and the concomitant increase of free [Mg 2ϩ ] i levels lead to severe impairment of SR Ca 2ϩ release and excitation-contraction (E-C) coupling.
The aim of this study was to investigate how intact mitochondrial Ca 2ϩ signaling and energy (ATP) production affect SR Ca 2ϩ release and E-C coupling in atrial myocytes. To eliminate mitochondrial ATP production and Ca 2ϩ buffering, we used the protonophore FCCP to depolarize ⌬⌿ m . We investigated the effect of mitochondrial uncoupling on action potential (AP)-triggered and spontaneous (Ca 2ϩ waves) SR Ca 2ϩ release and their interactions with cellular ATP, Mg 2ϩ , Na ϩ , and intracellular pH (pH i ) homeostasis. We found that in intact atrial myocytes, depolarization of ⌬⌿ m resulted in a biphasic effect on SR Ca 2ϩ release, consisting of an initial inhibition followed by stimulation. The initial inhibition was the result of suppression of RyR channel activity by a decrease in [ 
METHODS

Isolation of Cat Atrial Myocytes
Single myocytes from the cat left atrium were isolated as previously described (21, 45) . All procedures and protocols for animal handling and cell isolation were fully approved by the Institutional Animal Care and Use Committee. Briefly, cats (38 animals) were anesthetized with thiopental sodium (50 mg/kg ip). After a thoracotomy, hearts were excised, mounted on a Langendorff apparatus, and retrogradely perfused via the aorta with oxygenated collagenasecontaining solution (37°C).
Chemicals, Solutions, and Experimental Conditions
Chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. For experiments on intact myocytes, cells were superfused continuously with normal Tyrode solution [composed of (in mM) 140 NaCl, 4 KCl, 2 CaCl 2, 1 MgCl2, 10 D-glucose, and 10 HEPES (pH 7.4 adjusted with NaOH)]. For experiments on permeabilized myocytes, the surface cell membrane was permeabilized with 0.005% saponin (49) , and cells were kept in an "internal" solution composed of (in mM) 100 potassium aspartate, 15 ]i, pHi, and ⌬⌿m were measured using laser scanning confocal microscopy (Radiance 2000 MP, Bio-Rad) in conjunction with ionspecific and voltage-sensitive fluorescent indicators.
[Ca 2ϩ ]i measurements. Intact atrial myocytes were loaded with the Ca 2ϩ indicator fluo-4 by a 20-min incubation in Tyrode solution containing 20 M of the membrane permeant acetoxymethyl ester of the dye (fluo-4 AM; Molecular Probes/Life Technologies, Grand Island, NY) at room temperature; 15-20 min were allowed for deesterification of the dye. Fluo-4 was excited with the 488-nm line of an argon ion laser, and fluorescence was measured at wavelengths of Ͼ515 nm. Images were acquired in the line-scan mode (3 ms/scan, pixel size: 0.12 m). Ca 2ϩ transients are presented as background-subtracted normalized fluorescence (F/F0), where F is the fluorescence intensity and F0 is the resting fluorescence recorded under steady-state conditions at the beginning of an experiment. Ca 2ϩ transients represent the average of the entire cellular fluorescence signal from the line scanned.
To study SR Ca 2ϩ release during E-C coupling, cells were superfused with normal Tyrode solution and field stimulated at constant frequency (0. SBFI fluorescence was elicited by two-photon excitation at 760 nm using a mode-locked Ti:sapphire laser (Tsunami) pumped by a Millennia solid-state laser (both from Spectra-Physics/Newport, Santa Clara, CA), as previously described (13) . The emitted fluorescence was recorded at 528 Ϯ 25 nm. Two-dimensional images were obtained at 15-s intervals, and changes of [Na ϩ ]i are presented as background-subtracted (1 Ϫ F/F0) values.
⌬⌿m measurements. The fluorescent probe tetramethylrhodamine (TMRE) ethyl ester was used to measure ⌬⌿m. Intact atrial myocytes were loaded with 50 nM TMRE (Molecular Probes) for 15 min. TMRE was excited with a HeNe laser at 543 nm, and emitted fluorescence was collected at wavelengths of Ͼ570 nm. Two-dimensional images were acquired at 10-s intervals. TMRE fluorescence was averaged over the entire cell area. Changes of ⌬⌿m are presented as background-subtracted F/F0 values.
Electrophysiology
Ca
2ϩ currents (ICa) were recorded using nystatin (150 g/ml)-perforated whole cell patch-clamp current recording methods at room temperature (42) . Cells were superfused with HEPES-buffered modified Tyrode solution containing (in mM) 145 NaCl, 4 KCl, 1 MgCl2, 2 CaCl2, 5 HEPES, and 11 D-glucose and titrated with NaOH to pH 7.4. The pipette solution contained (in mM) 100 Cs-glutamate, 40 KCl, 1 MgCl2, 0.5 EGTA, and 5 HEPES (pH 7.2 adjusted with KOH). CsCl (5 mM) was added to all external solutions to block K ϩ conductance. Patch-clamp pipettes were fabricated from 1.5-mm borosilicate glass capillaries and heat polished using a microforge. Pipettes had tip resistances of 2-8 M⍀. Currents were recorded in discontinuous voltage-clamp mode using an AxoClamp 2A amplifier (Axon Instruments/Molecular Devices). pCLAMP 7 software was used to deliver voltage protocols and acquire and analyze data. ICa was activated by depolarizing pulses from a holding potential of Ϫ40 to 0 mV for 200 ms every 5 s. Peak ICa amplitude was measured in relation to steady-state current. Membrane capacitance was determined by integrating the average capacitance in response to a 5-mV pulse. Peak currents are presented as current density (in pA/pF) to normalize for differences in cell size.
Data Analysis
Data are presented as means Ϯ SEM of n measurements, where n is the number of cells. Statistical comparisons between groups were performed with Student's t-test. Differences were considered statistically significant at P values of Ͻ0.05.
RESULTS
Effect of FCCP on ⌬⌿ m in Intact Atrial Myocytes
The overall goal of the present study was to investigate the consequences of mitochondrial uncoupling, ⌬⌿ m depolarization, and ATP depletion on atrial Ca 2ϩ signaling and E-C coupling. Therefore, we first studied the time course of ⌬⌿ m depolarization after application of the protonophore FCCP to intact atrial myocytes. ⌬⌿ m was measured with the potentiometric dye TMRE. Figure 1A shows confocal TMRE images before and during FCCP application, revealing the typical distribution of mitochondria in atrial myocytes. Figure 1B shows the time course of the TMRE signal before and during FCCP (2 M) application (open symbols). Over the course of 6 min, FCCP led to a complete and irreversible depolarization of ⌬⌿ m . When FCCP was applied in the presence of oligomycin (1 g/ml), an inhibitor of mitochondrial F 1 /F 0 -ATP synthase, ⌬⌿ m depolarized to the same degree ( 
Effect of FCCP on AP-Induced SR Ca 2ϩ Release
Single atrial myocytes were electrically field stimulated at a constant frequency (0.5 Hz) to elicit AP-dependent Ca 2ϩ transients ( Fig. 2A ). Exposure to FCCP (2 M) rapidly suppressed cytosolic Ca 2ϩ transients and reduced their amplitude by 84 Ϯ 3% (n ϭ 18, P Ͻ 0.05; Fig. 2C ) after a 1-min exposure to FCCP. The significant inhibition of Ca 2ϩ transients was not the result of SR Ca 2ϩ depletion. Application of caffeine (10 mM) caused a robust release of Ca 2ϩ , indicative of a sufficiently loaded SR. On average (Fig. 2D) , the caffeineinduced Ca 2ϩ transient amplitude in the presence of FCCP decreased only to 81 Ϯ 2% (n ϭ 18, P Ͻ 0.05). FCCP also increased diastolic [Ca 2ϩ ] i by 48 Ϯ 7 at 1 min and 63 Ϯ 9% at 6 min of FCCP exposure. The inhibition of SR Ca 2ϩ release in the presence of FCCP was not sustained. After reaching a minimum at ϳ1 min, the Ca 2ϩ transient amplitude increased steadily and recovered to 68 Ϯ 5% (n ϭ 18) of control, whereas SR Ca 2ϩ load continued to decline (SR Ca 2ϩ load after 6 min was 72 Ϯ 3% of control, n ϭ 18, P Ͻ 0.05).
Next, we investigated whether the FCCP effect on SR Ca 2ϩ release was related to F 1 /F 0 -ATP synthase-mediated ATP hydrolysis. Atrial myocytes were pretreated for 6 min with oligomycin (1 g/ml). Oligomycin by itself did not affect SR Ca 2ϩ release or SR Ca 2ϩ load (Fig. 2B ). This finding suggests that inhibition of mitohondrial ATP production for a period of at least 6 min was not sufficent to aversely affect SR Ca 
Effect of FCCP on I Ca
We then tested the hypothesis of whether the FCCP-induced decrease of the Ca 2ϩ transient amplitude was the consequence of inhibition of Ca 2ϩ influx via L-type Ca 2ϩ channels. For this purpose, we measured I Ca directly in control conditions and in the presence of FCCP. Because effects of FCCP on [Ca 2ϩ ] i regulation are expected to be mediated by alterations in cellular metabolism (e.g., ATP synthesis), the patch-clamp experiments were performed in a perforated-patch configuration to preserve cytosolic composition. As shown in Fig. 3A , although FCCP (2 M) rapidly (Ͻ1 min) decreased I Ca by ϳ40% (n ϭ 6, P Ͻ 0.05), the inhibition remained constant over the entire duration (6 min) of FCCP exposure (Fig. 3B) . Therefore, the effects of FCCP on I Ca followed a time course that was distinctly differ- 
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SR Ca 2ϩ RELEASE DURING MITOCHONDRIAL UNCOUPLING ent from the inhibition of SR Ca 2ϩ release (Fig. 2C) . The data indicate that FCCP-dependent inhibition of I Ca is likely to contribute to the observed overall reduction of Ca 2ϩ transient amplitude and SR Ca 2ϩ load; however, it could not explain the recovery of SR Ca 2ϩ release ( Fig. 2A ) and the occurrence of spontaneous Ca 2ϩ waves (Fig. 2B ) at a time when ⌬⌿ m depolarization and SR depletion further progressed (Fig. 1A) .
Effect of FCCP on Spontaneous Ca 2ϩ Waves
To circumvent the additional complexity arising from the effect of FCCP on I Ca (Fig. 3) , we studied the effect of ⌬⌿ m depolarization on spontaneous Ca 2ϩ waves. As previously shown, cat atrial myocytes are completely devoid of transverse tubules (21) , and during E-C coupling, Ca 2ϩ release from the majority of SR Ca 2ϩ -release sites occurs by propagating CICR by a mechanism that is essentially identical to the mechanism of spontaneous Ca 2ϩ wave propagation. Thus, spontaneous Ca 2ϩ waves share important common features with AP-induced Ca 2ϩ transients in atrial myocytes (6, 39, 44 4C ), wave frequency decreased by 92 Ϯ 5% (n ϭ 9, P Ͻ 0.05). The suppression of Ca 2ϩ waves by FCCP was not due to depletion of SR Ca 2ϩ content, because Ca 2ϩ transients induced by caffeine (10 mM) were similar to control (111 Ϯ 10%, n ϭ 6 at 1 min; Fig. 4D ). After 6 min of FCCP application, Ca 2ϩ waves gradually recovered despite a decreased SR Ca 2ϩ load (86 Ϯ 12% of control, n ϭ 6; Fig. 4D) ; however, the Ca 2ϩ wave frequency did not reach the control level (recovered to 53 Ϯ 20% of control, P Ͻ 0.05 compared with control).
Similar to its effect on AP-induced Ca 2ϩ transients (Fig. 2) , FCCP in the presence of oligomycin (Fig. 4B ) failed to inhibit Ca 2ϩ waves and in fact enhanced Ca 2ϩ wave activity, with Ca 2ϩ waves becoming more frequent with prolonged exposure to FCCP ϩ oligomycin (Fig. 4C) . SR Ca 2ϩ load did not change significantly at the beginning (89 Ϯ 11%, n ϭ 5, at 1 min) and decreased to 62 Ϯ 8% (n ϭ 5) at 6 min of FCCP application. Thus, the significant increase of Ca 2ϩ wave frequency occurred despite decreased Ca 2ϩ filling of the SR.
Effect of FCCP on [Mg 2ϩ ] i and ATP Levels
Based on the observations shown in Fig. 1 Figure 5 shows the effect of FCCP on Mag-fluo-4 fluorescence. FCCP caused a rapid but transient increase of [Mg 2ϩ ] i that declined to a new steady-state level at ϳ50% of the peak over the course of 1-2 min (Fig. 5,  open symbols) . In the presence of oligomycin (Fig. 5, filled  symbols) , FCCP caused only a slow and steady increase of [Mg 2ϩ ] i that entirely lacked the distinct peak observed in the presence of FCCP alone. The results indicate that FCCP caused a rapid depletion of the cellular bulk ATP pool. However, this process was partially reversed by compensatory mechanisms that will be discussed below. These data are consistent with the notion that mitochondrial uncoupling results in profound ATP consumption by F 1 /F 0 -ATP synthase operating in the reverse mode to conserve a polarized ⌬⌿ m . The comparably small increase of [Mg 2ϩ ] i (and thus decrease of [ATP] i ) in the presence of oligomycin is the result of inhibition of mitochondrial ATP hydrolysis but also a slow depletion of cellular ATP reserves due to the lack of ATP synthesis by mitochondria.
Effect of ATP Depletion on pH i and [Na
In the next set of experiments, we investigated how mitochondrial uncoupling, ATP depletion, and F 1 /F 0 -ATP synthase operating in the reverse mode affected pH i and [Na ϩ ] i . Figure 6A shows the effect of FCCP on pH i measured with the fluorescent pH indicator carboxy SNARF-1. Exposure of intact atrial myocytes to FCCP (2 M) elicited two-phasic acidification of the cytosol (Fig. 6A, open symbols) . The initial drop in pH i by ϳ0.4 units from 7.23 Ϯ 0.03 to 6.85 Ϯ 0.04 (n ϭ 12) was followed by a steady but much slower decline of pH i (to 6.64 Ϯ 0.05). In the presence of oligomycin (Fig. 6A, solid  symbols) , the rapid drop in pH i was not observed, and the cytosolic acidification was less pronounced. Oligomycin alone had no effect on pH i . The rapid drop in pH i coincided with the rapid and transient increase of [Mg 2ϩ ] i induced by FCCP (Fig.  5) . This observation suggests that mitochondrial F 1 /F 0 -ATP synthase operating in the reverse mode and thereby extruding protons from the mitochondrial matrix into the cytoplasm makes a significant contribution to the cytosolic acidification. This conclusion was supported by the observation that the rapid drop in pH i was not observed and overall the cytosolic acifification was less pronounced when F 1 /F 0 -ATP synthase was blocked with oligomycin. The depletion of cellular ATP reserves is likely to affect ATP-dependent pumps, such as Na waves that was typically observed in the presence of oligomycin (Fig. 4) .
In the experiment shown in Fig. 7B , we tested whether the increased Ca 2ϩ wave activity induced by FCCP in the presence of oligomycin could involve NCX. Through NCX action, elevated [Na ϩ ] i is expected to lead to a concomitant Ca 2ϩ accumulation. As shown in Fig. 7B ,a, in the presence of FCCP ϩ oligomycin, an increase in basal [Ca 2ϩ ] i was observed; however, when extracellular Ca 2ϩ was removed, the increased Ca 2ϩ wave activity induced by FCCP ϩ oligomycin was completely abolished, and basal [Ca 2ϩ ] i returned back to control levels. In contrast, when cells were exposed to the I Ca inhibitor verapamil (20 M) instead of removal of extracellular Ca 2ϩ , the increased Ca 2ϩ wave frequency was not affected (Fig.  7B,b) 
Compensation of Mitochondrial Uncoupling by Glycolytic ATP Production
As shown in Figs Fig. 8A ,a, application of FCCP in the presence of IAA (0.5 mM; filled symbols) caused the known rapid increase of [Mg 2ϩ ] i that was followed after ϳ1-2 min by a second slower rise of [Mg 2ϩ ] i , which eventually leveled off after Ͻ10 min. IAA alone only caused a small steady increase of [Mg 2ϩ ] i , suggesting that during normal mitochondrial ATP production, the contribution of glycolysis to the bulk ATP pool was minimal. Figure 8A,b shows the average increases of [Mg 2ϩ ] i induced by FCCP after 1 and 6 min, respectively, in the presence and absence of glycolytic inhibition.
While FCCP alone only transiently abolished spontaneous Ca 2ϩ wave activity and was not accompanied by strong Ca 2ϩ depletion of the SR (Fig. 4) , combined application of IAA and FCCP led to a rapid and complete inhibition of Ca 2ϩ waves and depletion of the SR (Fig. 8B) . Similarly (Fig. 8C,a) , AP-induced Ca 2ϩ transients were abolished within 1 min of exposure to IAA ϩ FCCP and the SR became completely depleted within 3 min (Fig. 8C,b) . The data indicate that if at least one ATP source (mitochondrial vs. glycolytic ATP production) is functional, the amounts of ATP produced are suffient to prevent a major and irreversible breakdown of SR Ca 2ϩ release and Ca 2ϩ signaling during E-C coupling, at least over a limited period of time. However, when both sources of ATP are compromised, SR Ca 2ϩ release fails rapidly, and intracellular Ca 2ϩ stores become depleted, with the consequence of a complete failure of E-C coupling.
Effect of FCCP on SR Ca 2ϩ Release in Permeabilized Cells
We 
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SR Ca 2ϩ RELEASE DURING MITOCHONDRIAL UNCOUPLING this purpose, atrial myocytes were membrane permeabilized with saponin and exposed to FCCP (2 M). As shown in Fig. 9A , FCCP caused a complete depolarization of ⌬⌿ m (n ϭ 6) that occurred at an accelerated timescale compared with intact cells (Fig. 1B) , presumably due to better accessibility of the drug to the mitochondrial site of action. Next, we evaluated SR Ca 2ϩ release in the presence of FCCP. Figure 9B , top, shows Ca 2ϩ waves recorded from a permeabilized atrial myocytes that occurred at a regular frequency. Addition of FCCP (Fig. 9B, bottom) for 6 min to the internal solution did not affect Ca 2ϩ wave frequency (control: 0.82 Ϯ 0.08 Hz and FCCP: 0.77 Ϯ 0.09 Hz, difference not significant) and amplitude.
In summary, these data indicate that the profound effects of ⌬⌿ m depolarization by FCCP on SR Ca 2ϩ release in intact cells were mediated by complex changes in the cytosolic environment and cellular energy metabolism that resulted from mitochondrial uncoupling. These FCCP effects were not observed when the cytosolic composition was kept constant.
DISCUSSION
In this study, we investigated the consequences of ⌬⌿ m depolarization and inhibition of mitochondrial ATP production on Ca 2ϩ signaling and E-C coupling in atrial myocytes. The key findings of our investigation were as follows: first, ⌬⌿ m depolarization with FCCP led to a biphasic effect on APtriggered Ca 2ϩ transients and spontaneous Ca 2ϩ waves, consisting of an initial inhibition followed by stimulation of SR waves).
In this study, we used the protophopore FCCP as an experimental tool to induce a rapid and maintained depolarization of ⌬⌿ m . In an attempt to counteract ⌬⌿ m depolarization, mitochondrial F 1 /F 0 -ATP synthase operates in the reverse mode. Reverse-mode operation of F 1 /F 0 -ATP synthase is capable of moving protons from the matrix into the cytosol (resulting in cytosolic acidification); however, F 1 /F 0 -ATP synthase, instead of generating ATP, consumes ATP and rapidly exhausts the available ATP reserves. These consequences were demonstrated experimentally: exposure to FCCP caused a drop in pH i ( Within ϳ1 min of exposure to FCCP, i.e., at a time when ⌬⌿ m was not yet fully depolarized (Fig. 1) , AP-induced Ca 2ϩ transients (Fig. 2) as well as spontaneous Ca 2ϩ waves (Fig. 4) (Fig. 3) , the inhibition of I Ca was constant over the entire period of FCCP exposure and therefore could not explain the biphasic effect on SR Ca 2ϩ release. This partial normalization of SR Ca 2ϩ release suggests that compensatory mechanisms of some kind counteracted the deleterious effects on Ca 2ϩ signaling by mitochondrial uncoupling. Although under physiological conditions mitochondria generate the bulk of cellular ATP (which is primarily used to sustain contractile activity), there is evidence that ATP derived from glycolysis, the alternative ATP source of cardiac myocytes, is preferentially used by membrane ion transport mechanisms. The close physical association of glycolytic enzymes with ATP-dependent ion transporters and channels form functional microcompartments where source and utilization sites for ATP are intimately linked. Such arrangements have been demonstrated for Na (43), and the SERCA pump (46) and have been proposed for the RyR Ca 2ϩ -release channel (6, 22, 24, 25) . We have previously shown that glycolysis-derived ATP profoundly affects Ca 2ϩ release, E-C coupling, and proarrhythmic Ca 2ϩ alternans (6, 18, 22, 24, 25) . Considering the importance of glycolytic ATP for Ca 2ϩ signaling, we tested the hypothesis that the partial recovery of SR Ca 2ϩ during mitochondrial uncoupling was due to the activation of glycolysis. As shown in waves was rapidly abolished, and the SR became depleted (Fig.  8, B and C) . These data suggest that during mitochondrial uncoupling, glycolysis can largely compensate for the lack of mitochondrial ATP production and cover the energy requirement for the regulation of Ca 2ϩ release. However, when both sources of ATP were eliminated, Ca 2ϩ release rapidly ceased, normal store filling could not be maintained, and, subsequently, E-C coupling failed completely.
We also investigated the effects of ⌬⌿ m depolarization under conditions where F 1 /F 0 -ATP synthase was inhibited with oligomycin and was prevented from operating in the reverse mode. Although FCCP caused the same degree of ⌬⌿ m depolarization (Fig. 1) , several interesting differences were observed: 1) the inhibition of Ca 2ϩ transients in the presence of FCCP was eliminated, and, in addition, enhanced SR Ca 2ϩ release in the form of spontaneous Ca 2ϩ waves was observed (Figs. 2 and 4) ; 2) the increase of [Mg 2ϩ ] i and the concommitant decrease of [ATP] i were significantly attenuated (Fig. 5) ; and 3) cytosolic acidification and concomitant Na ϩ accumulation were less extensive (Fig. 6) . The much slower depletion of cellular ATP reserves and the slower and less pronounced cytosolic acidification can be explained with the inhibition of ATP consumption and proton transport by F 1 /F 0 -ATP synthase. Nonetheless, some degree of acidification was still observed (Fig. 6A) , which is likely due to lactic acid production by activated glycolysis, as prevously shown (25, 49) . Cytosolic acidification leads to intracellular Na ϩ accumulation through the action of NHX. pH i regulation in cardiac cells relies on two main mechanisms. During acidification, pH i is predominatly regulated by NHX, whereas for alkali loads, Cl Ϫ /HCO 3 exchange appears to be more important (1, 8, 35, 41) . In our experiments, cytosolic acidification induced by FCCP in the presence as well as absence of oligomycin (Fig. 6) (Fig. 7B,a) completely abolished spontaneous Ca 2ϩ waves in the presence of FCCP ϩ oligomycin, whereas inhibition of voltage-gated Ca 2ϩ channels had no effect (Fig. 7B,b) . Thus, the data suggest that Ca 2ϩ accumulation most likely occurred via NCX. Finally, the time course of the occurrence of spontaneous Ca 2ϩ waves in the presence of FCCP (Figs. 2 and 4 ) indicates a mitochondrial involvement in [Ca 2ϩ ] i regulation. The frequency of spontaneous Ca 2ϩ waves increased with the duration of exposure to FCCP and the change in frequency followed the time course of ⌬⌿ m depolarization. With progressive ⌬⌿ m depolarization, mitochondria increasingly lose the capability to sequester and buffer Ca 2ϩ because of the diminishing driving force for Ca 2ϩ uptake via the Ca 2ϩ uniporter. Subsequently, cytosolic Ca 2ϩ accumulates, which is likely to stimulate CICR and ultimately lead to Ca 2ϩ waves.
Limitations
Our study revealed a central role of ATP for the profound effects of ⌬⌿ m depolarization and mitochondrial uncoupling for Ca 2ϩ signaling and E-C coupling. We estimated changes of cellular ATP levels from changes of free [Mg 2ϩ ] i levels using a fluorescent Mg 2ϩ indicator. While the method has been widely used with different indicator dyes (3, 10, 27, 40) , the method is indirect and hinges critically on the assumptions that cellular Mg 2ϩ levels are tightly regulated and that ATP is quantitatively the dominant buffer for bound Mg 2ϩ (3, 7) . Under these assumption, changes in free [Mg 2ϩ ] i indeed reflect reciprocal changes of [ATP] i . On the other hand, the method has undisputed advantages over other methods for measuring cellular ATP levels. The method is essentially unique for continuous, rapid, and dynamic monitoring of [ATP] i in intact single cell or even at the subcellular level (11) .
All experiments presented in this study were conducted at room temperature, raising the question of physiological relevance of the obtained data. Undoubtedly, metabolic processes and Ca 2ϩ signaling are affected by temperature. On the other hand, there are also experimental constraints and limitations to conduct single cell experiments at more physiological temperatures. Electrical field stimulation at higher temperature is significantly more stressful on single isolated cardiac myocytes, thereby substantially shortening the time during which myocytes can be stimulated continuously, a requirement for the experiments that are presented in this report. Higher temperatures can also impose limitations on the use of fluorescent indicators, consisting, e.g., of accelerated dye extrusion and limitations regarding the kinetics of the indicator dyes.
Conclusions
In our study, ⌬⌿ m depolarization was induced experimentally with the exogenous protonophore FCCP. However, ⌬⌿ m depolarization and the ensuing consequences of mitochondrial uncoupling observed here (intracellular acidification, decrease of [ATP] i , increase of [Na ϩ ] i and [Mg 2ϩ ] i , and Ca 2ϩ overload) are hallmark signs of ischemia. Mitochondria have emerged as the "lynchpin" of cardiac damage during ischemia (9) . In ischemia, mitochondria are targets but also sources of ischemic injury. Hypoxia and ischemia interrupt mitochondrial respiration and block the mitochondrial electron transport chain, which, in turn, leads to further mitochondrial damage in the form of mitochondrial Ca 2ϩ overload, the formation of reactive oxygen species (especially upon reperfusion), opening of the mitochondrial permeability transition pore, and activation of apoptotic programs. Due to their central role in ischemia and reperfusion injury, mitochondria have attracted considerable attention as therapeutic targets and for the development of novel protective strategies (14, 20) . The experimental FCCPinduced ⌬⌿ m depolarization model used here may indeed serve as a valuable experimental model to investigate the consequences of mitochondrial uncoupling for ion homeostasis, SR Ca 2ϩ release, and E-C coupling in ischemia at the cellular and subcellular level. 
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